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Abstract
Using an Agrobacterium-mediated transient assay, we screened the 15.5-kb genome of the Beet yellows virus for proteins with RNA
silencing suppressor activity. Among eight proteins tested, only a 21-kDa protein (p21) was able to suppress double-stranded (ds)
RNA-induced silencing of the green fluorescent protein (GFP) mRNA. Restoration of GFP expression by p21 under these conditions had
no apparent effect on accumulation of the small interfering RNAs. In addition, p21 elevated the transient expression level of the GFP mRNA
in the absence of dsRNA inducer. Similar activities were detected using homologs of p21 encoded by other members of the genus
Closterovirus. Computer analysis indicated that p21-like proteins constitute a novel protein family that is unrelated to other recognized
suppressors of RNA silencing. Examination of the subcellular distribution in BYV-infected plants revealed that p21 is partitioned between
soluble cytoplasmic form and proteinaceous inclusion bodies at the cell periphery.
© 2003 Elsevier Science (USA). All rights reserved.
Introduction
RNA silencing is one of the major means of the defense
against viruses (Ahlquist, 2002; Carrington et al., 2001;
Vance and Vaucheret, 2001; Voinett, 2001; Waterhouse et
al., 2001). In response, some viruses evolved or acquired
functions for suppression of RNA silencing. The counter-
defensive viral proteins with RNA silencing suppressor
(RSS) activity were originally discovered in the members of
plant virus genera Potyvirus and Cucumovirus (Anandalak-
shmi et al., 1998; Brigneti et al., 1998; Kasschau and Car-
rington, 1998). Recently, RSSs were found in other plant
positive-strand RNA viruses that belong to genera Tombus-
virus, Sobemovirus, Potexvirus (Voinnet et al., 1999; Voin-
net et al., 2000), Pecluvirus (Dunoyer et al., 2002), and
Polerovirus (Pfeffer et al., 2002), as well as in an insect
Nodavirus (Li et al., 2002). Although this list remains rel-
atively short, searches for RSSs have become an essential
part of the functional characterization of viral genomes.
Among the several technologies available to test for
RSS activity, simultaneous transient expression of a dou-
ble-stranded (ds)RNA silencing inducer, a reporter, and a
candidate RSS appears to be most straightforward and
reliable. Such expression is achieved using Agrobacte-
rium for delivery of the system components into plant
cells in intact leaves (Johansen and Carrington, 2001). In
this work, we applied this approach for screening RSS
candidates encoded by the positive-strand RNA genome
of Beet yellows virus (BYV). BYV is a prototype member
of the family Closteroviridae and codes for at least 10
proteins (Fig. 1A) (Dolja, 2003). Replication and tran-
scription of BYV genome requires two core replicase
proteins and two enhancers of RNA accumulation,
namely the leader proteinase and 21-kDa protein (p21)
(Peng and Dolja, 2000; Peremyslov et al., 1998). The
remaining six proteins are superfluous for replication
(Hagiwara et al., 1999), but essential for assembly and
transport of closteroviruses in plants (Alzhanova et al.,
2000; Alzhanova et al., 2001; Peremyslov et al., 1999;
Prokhnevsky et al., 2002; Satyanarayana et al., 2000;
Tian et al., 1999). Here, we identify p21 as a BYV RSS
and show that similar activities are exhibited by two
proteins derived from related closteroviruses.
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Results and discussion
p21 is a BYV RSS
Eight BYV ORFs (except for those encoding a core
replicase) were cloned into a binary vector, and the resulting
plasmids were mobilized into Agrobacterium. Each of the
bacterial strains was mixed with strains containing genes for
a green fluorescent protein (GFP) reporter and a dsRNA
inducer of GFP mRNA silencing. Each mixture was infil-
trated into leaves of Nicotiana benthamiana (Johansen and
Carrington, 2001). Previously characterized Tobacco etch
Fig. 1. (A) Map of the BYV genome. The ORFs are shown as boxes. Lines represent noncoding regions. L-Pro, leader proteinase; MET, HEL, and POL,
methyltransferase, RNA helicase, and RNA polymerase domains of the replicase, respectively; p6, 6-kDa protein; Hsp70h, an Hsp70-homolog; p64, a 64-kDa
protein; CPm and CP, the minor and major capsid proteins, respectively; p20 and p21, the 20- and 21-kDa proteins, respectively. The functions of the encoded
proteins are indicated. (B) In planta assay for suppression of RNA silencing. N. benthamiana leaves were infiltrated with Agrobacterium mixtures containing
constructs indicated above the images. GFP fluorescence was visualized at 4 days postinfiltration under long-wavelength UV light. In tests for RNA silencing
suppressor activity of BYV proteins, Agrobacterium mixtures were injected in half-leaves opposite of control injection mixtures containing P1/HC, the
Tobacco etch virus polyprotein encompassing P1 and helper component-proteinase (top row), or BYV p21 (bottom row). Vector, binary vector harboring no
insert (negative control). Experiments with BYV p21, which exhibited RNA silencing suppressor activity, and with a few selected BYV proteins that did not
exhibit suppressor activity, are shown. p21-PrSt, mutant variant of p21 with a premature stop codon. (C) Subcellular localization of GFP fusion products.
Epidermal cells of Agrobacterium-infiltrated tissue were viewed by confocal laser scanning microscopy at 2 days postinfiltration.
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virus (TEV) RSS, P1/HC-Pro (Kasschau and Carrington,
1998), and a binary vector bearing no insert, were used as
positive and negative controls, respectively. Possible RSS
activity was assessed by observation of GFP fluorescence
and accumulation of GFP mRNA.
Tissue expressing the GFP construct mixed with empty
vector contained GFP fluorescence (Fig. 1B) and high levels
of GFP mRNA over a 6-day time course (Fig. 2A). No
detectable GFP fluorescence and very low GFP mRNA
levels were detected when the GFP mRNA was coexpressed
Fig. 2. (A) RNA blot analysis of GFP mRNA in Agrobacterium-infiltrated leaf tissue of N. benthamiana. The RNAs were isolated at 2, 4, or 6 days
postinfiltration as indicated and hybridized with a GFP mRNA-specific probe. The positions of GFP mRNA and ethidium bromide stained ribosomal RNA
(rRNA) are marked by arrows. d.p.i., days postinfiltration. (B) RNA blot analysis of GFP-specific siRNA in the infiltrated leaves of N. benthamiana. The
gel was loaded with 10 g of low molecular weight RNA and probed with a random-primed GFP probe (the entire GFP ORF). The positions of the 21- and
24-nucleotide RNA markers are shown at the left. The bottom panel shows the ethidium bromide stained tRNA and 5S rRNA. Two independent samples
of each treatment are shown. (C) Immunoblot analysis of BYV p21 accumulation and subcellular distribution in N. benthamiana. Lanes 1-3, transient
expression of GFP (Lane 1, negative control), p21 mutant PrSt (Lane 2), and wild-type p21 (Lane 3). Lanes 4 and 5, total extracts from mock-inoculated
and BYV-infected leaves, respectively; Lanes 6 and 7, total extracts after mock-infiltration and transient expression of the His-tagged p21 (p21His),
respectively; Lanes 8 and 9, 30,000 g supernatant and pellet fractions of the extracts from BYV-infected plants, respectively; Lanes 10 and 11, analogous
fractions of the extracts derived upon transient expression of the p21His; Lanes 12 and 13, 100,000 g pellets after Triton X-100 treatment of the p21 and p21His
pelleted at 30,000 g, respectively.
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with the dsGFP construct in the absence of RSS (Figs. 1B
and 2A). In contrast, GFP fluorescence and GFP mRNA
were readily detected when P1/HC-Pro was also coex-
pressed with GFP and dsGFP constructs (Figs. 1B and 2A).
Among the eight BYV genes tested, GFP fluorescence and
elevated GFP mRNA levels were detected only with the p21
construct (Figs. 1B and 2A). This result strongly suggested
that p21 possesses an activity that is capable of suppressing
dsGFP-induced silencing.
To determine whether or not p21 suppresses accumula-
tion of small interfering RNA (siRNA) that guides se-
quence-specific degradation (Ahlquist, 2002; Carrington et
al., 2001; Vance and Vaucheret, 2001; Voinett, 2001; Wa-
terhouse et al., 2001), low molecular weight RNA was
extracted from the infiltrated zones and analyzed at 3 days
postinfiltration by blot assay using a GFP sequence-specific
probe. As shown previously (Johansen and Carrington,
2001), expression of the GFP gene alone yielded relatively
low levels of siRNA (not detectable in the exposure shown
in Fig. 2B, Lanes 3 and 4), whereas coexpression of the GFP
and dsGFP genes resulted in abundant siRNA ranging in
size between approximately 21 and 24 nts (Fig. 2B, Lanes 5
and 6). Coexpression of p21 with the GFP and dsGFP genes
had no effect on accumulation of siRNA (Fig. 2B, Lanes 9
and 10). Similar results using P1/HC-Pro were shown pre-
viously (Johansen and Carrington, 2001) and were repro-
duced here as a control (Fig. 2B, Lanes 7 and 8). These data
suggest that p21 suppresses RNA silencing by inhibition of
a step after Dicer-mediated cleavage of dsRNA.
To confirm that p21 itself, rather than corresponding
mRNA, is required for suppression of RNA silencing, a
premature stop codon was introduced into the p21 ORF in
place of codon 166 (Arg). Accumulation of the resulting
p21 variant (p21-PrSt) was similar to that of the wild-type
p21 (Fig. 2C, Lanes 2 and 3, respectively). However, the
mutant p21 exhibited no RSS activity in transient RNA
silencing assays (Fig. 1B and data not shown). These results
confirm that the BYV p21 possesses RSS activity.
To determine whether p21-related proteins encoded by
other members of the genus Closterovirus exhibited RSS
activity, we tested p22 of Beet yellow stunt virus (BYSV)
(Karasev et al., 1996) and p20 of Citrus tristeza virus (CTV)
(Gowda et al., 2000). As shown in Fig. 1B, the RSS activity
of the BYSV p22 is comparable to that of BYV p21. Much
lower restoration of GFP expression was detected using
CTV p20 (Fig. 1B). The weak RSS activity of p20 could be
due to host adaptation effects, as CTV does not infect N.
benthamiana.
p21 and related proteins of other closteroviruses elevate
transient protein expression
RNA silencing limits not only viral RNA replication, but
also expression and accumulation of mRNAs that are ex-
pressed from a strong promoter (Johansen and Carrington,
2001). We tested whether or not p21 was able to counteract
this effect and improve transient expression of recombinant
proteins. Accumulation of the fusion reporter GFP--glu-
curonidase (GFP-GUS), which is both fluorescent and en-
zymatically active, was measured after Agrobacterium-me-
diated expression in the leaves of N. benthamiana. The
time-course experiment indicated that GUS activity in-
creased until Day 4, after which there was little or no
increase (Fig. 3A). In contrast, coexpression of GFP-GUS
with p21 resulted in continuous increase in GUS activity
over 8 days.
The GFP-GUS transient expression assay was also used
to compare activity of BYV p21 with those of BYSV p22
and CTV p20. As shown in Fig. 3B, coexpression of each of
these proteins increased accumulation of GUS activity, al-
though to different extents. The total GUS activity in the
presence of BYV p21 and BYSV p22 was eight- and
fivefold higher, respectively, than that in the absence of
RSS (Fig. 3B). CTV p20 stimulated GUS activity two-
fold, which was consistent with the weak, but detectable
RSS activity observed in the GFP assays (Fig. 1B).
Fig. 3. (A) Effect of BYV p21 on accumulation of -glucuronidase (GUS)
activity after Agrobacterium-mediated, transient expression of the GFP-
GUS fusion product. The means and standard deviations are shown. (B)
Increased accumulation of GUS activity in the presence of BYV p21,
Citrus tristeza virus (CTV) p20, and Beet yellow stunt virus (BYSV) p22
at 7 days postinfiltration.
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The experiments with p22 of BYSV and p20 of CTV
indicate that the RSS function is conserved in other clos-
teroviruses. Moreover, multiple alignments reveal a pattern
of sequence conservation between p21-like proteins of
BYV, BYSV, CTV, and Grapevine leafroll-associated vi-
rus-2 (GLRaV-2), the fourth recognized Closterovirus (Zhu
et al., 1998) (Fig. 4). Interestingly, each of the conserved
blocks of amino acids found in p21-like proteins corre-
sponds to a computer-predicted -helix, with the most C-
terminal element being 42 residues long. This analysis sug-
gests conservation of the predominantly -helical secondary
structure in the p21-like proteins. The database search did
not reveal significant similarity of the p21-like proteins to
any other protein family.
p21 is a cytoplasmic protein
To evaluate subcellular distribution of p21 in BYV-
infected plants and after transient expression in agroinocu-
lated leaves, homogenates of plant tissue were fractionated
and p21 was detected by immunoblot analysis. The p21
variant used for Agrobacterium-mediated expression pos-
sessed a six-His tag at the C-terminus (p21His). The wild-
type p21 produced during BYV infection partitioned be-
tween the supernatant and pellet after centrifugation at
30,000 g (Fig. 2C, Lanes 8 and 9, respectively). In contrast,
virtually all of p21His was detected in the 30,000 g pellet
fraction (Fig. 2C, Lanes 10 and 11). This difference between
two forms of p21 could be attributed either to increased
aggregation of the tagged recombinant protein or to increase
in the solubility of the wild-type p21 in the presence of other
BYV proteins or RNA. To determine whether insoluble p21
is associated with membranes, 30,000 g pellets were treated
with Triton X-100. As seen in Fig. 2C, Lanes 12 and 13,
both p21 and p21His remained insoluble. We concluded that
the insoluble form of p21 and p21His was due to protein-
aceous aggregates or inclusion bodies.
To examine localization of p21 in live cells, we em-
ployed Agrobacterium-mediated expression of the p21-
GFP fusion protein. Distribution of this protein was com-
pared to that of GFP-GUS and GFP fused to the major
capsid protein of BYV (CP-GFP). As expected, GFP-
GUS and CP-GFP were distributed uniformly in the cy-
toplasm, most of which was present in the cortical and
perinuclear regions (Fig. 1C). The p21-GFP, however,
was observed predominantly in the form of peripheral
inclusion bodies or aggregates (Fig. 1C). Taken together,
the fractionation and epifluorescence microscopy data
suggest that p21 accumulates in cortical inclusion bodies.
However, in BYV-infected plants, some of p21 remains
in soluble cytoplasmic form (Fig. 2C, Lanes 8 and 9). The
subcellular localization of the p21-like proteins appears
to be distinct from other plant virus RSSs. In contrast to
nuclear localization of the Cucumovirus RSS (Lucy et al.,
2000) and peroxisomal localization of the Pecluvirus
RSS (Dunoyer et al., 2002), p21 of BYV (this work) and
p20 of CTV (Gowda et al., 2000) are found in cytoplas-
mic inclusions. The functional significance of this pattern
of subcellular distribution remains to be determined.
Fig. 4. Alignment of the amino acid sequences of p21-like proteins encoded by representatives of the genus Closterovirus. GLRaV, Grapevine leafroll-
associated virus-2. Invariant residues are shown in boldface with double asterisks. Single asterisks mark similar residues that belong to one of the following
five groups: I, L, M, V; F, W, Y; K, R; E, D; S, T. Blocks of conserved residues are in capital letters. The numbers before and after each sequence indicate
the variable N-terminal and C-terminal portions of the proteins that are not shown. The alignment was generated by the program Macaw as described in Peng
et al. (2001). PHD sec, secondary structure of the p21 predicted by the program PHD. Blocks of letters H and E below the alignment correspond to the regions
predicted to form -helixes or -strands, respectively.
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Conclusions
We demonstrate here that BYV p21 exhibits properties
of a RSS in two model systems. In one system, strong
silencing of a reporter mRNA is induced by dsRNA,
whereas in another, weak silencing is induced by ectopic
mRNA expression from a strong promoter (Johansen and
Carrington, 2001). Several of the previously described RSSs
are also involved in viral long-distance transport (Brigneti et
al., 1998; Kasschau and Carrington, 1998; Voinnet et al.,
1999). The recently identified long-distance transport fac-
tors encoded in BYV genome are p20 (Prokhnevsky et al.,
2002) and leader proteinase (Peng et al., 2003). The fact that
neither of these proteins showed RSS activity in our exper-
iments suggests that the RSS and long-distance transport
functions are split between distinct BYV proteins. It cannot
be excluded, however, that p20, leader proteinase, or other
BYV proteins possess activities that can modulate RNA
silencing, but by means that were undetectable in the ex-
perimental system used. Indeed, this system utilizes a lo-
cally expressed dsRNA as silencing inducer, thus bypassing
the parts of the silencing pathway that require RNA-depen-
dent RNA polymerase or systemic signaling.
Interestingly, p21 is required for efficient BYV RNA
amplification and is expressed to high levels early in infec-
tion (Hagiwara et al., 1999; Peremyslov et al., 1998). This
could reflect a requirement to suppress the silencing re-
sponse at the earliest stages of replication or prior to cell-
to-cell movement. Although it remains to be seen if the RSS
function is conserved among all plant viruses, it is possible
that this function is a universal requirement along with viral
factors involved in genome replication, encapsidation, and
transport.
Materials and methods
RNA silencing assays and transient protein expression
Each of the eight BYV ORFs tested, as well as CTV and
BYSV ORFs encoding p22 and p20, respectively, was PCR-
amplified and cloned using BamHI and XbaI sites into
pCB-302 minibinary vector that was modified as described
(Peng et al., 2002). A similar protocol was used to generate
fusions of the ORFs encoding BYV capsid protein and p21
with GFP ORF, except that AvrII and NcoI sites, respec-
tively, were used instead of BamHI. The mutant variant of
p21 was generated by replacing the Arg-166 codon (AGG)
with the premature stop codon TGA. The sequence of the
mutagenic primer was 5-CTAATCTAAGCTTGTGAT-
CAATTTCTTCTCAAATCC. The p21His variant was made
via PCR-mediated mutagenesis. The resulting binary vec-
tors were transformed into A. tumefaciens strain EHA 105.
RNA silencing assays using GFP dsRNA as silencing in-
ducer were done by visualization of GFP fluorescence and
RNA blot hybridization analysis as described (Johansen and
Carrington, 2001). Isolation and characterization of the
GFP-specific siRNAs were done as detailed by Llave et al.
(2002). Accumulation of GUS activity after Agrobacterium-
mediated transient expression of the GFP-GUS reporter
(Peng et al., 2002) was measured using in vitro GUS assays
(Carrington and Freed, 1990). Four infiltration replicates
were done for each time point.
Subcellular distribution of p21
Rabbit polyclonal antiserum was generated at Genemed
Synthesis, Inc. (San Francisco, CA) using a synthetic pep-
tide EHRERMEKHPKQSSELRTPSR that was collinear
with p21 residues 57-77. This antiserum at 1:2000 dilution
was used to detect p21 in extracts of BYV-infected leaves of
N. benthamiana or leaves infiltrated with Agrobacterium
engineered to express p21. In both cases, the leaves were
homogenized in protein extraction buffer containing 50 mM
Tris–acetate, pH 7.4, 10 mM potassium acetate, 10 mM
MgCl2, 5 mM DTT, 1 mM PMSF, and 20% glycerol. The
homogenate was subjected to two cycles of centrifugation at
3000 g for 10 min and 30,000 g for 30 min at 4°C. The
pellet was dissolved in a minimal volume of extraction
buffer; Triton X-100 was added to a final concentration of
5%, and the suspension was layered onto 10 ml 40% sucrose
cushion and subjected to ultracentrifugation at 100,000 g for
1 h. The pellets and supernatants were subjected to immu-
noblot analysis using the p21-specific antiserum. The sub-
cellular distribution of p21-GFP fusion product in live epi-
dermal cells was examined at 2 days postinfiltration using
confocal laser scanning microscopy as described (Peng et
al., 2002).
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